Introduction {#Sec1}
============

The development of genome sequencing over the past four decades has revolutionized yeast taxonomy and now enables nearly unambiguous species identification (Hittinger et al. [@CR2]). More recent developments in spectroscopic methods also allows for rapid and direct identification of yeast isolates (Quintilla et al. [@CR8]). Before the advent of these technologies, yeast species were exclusively identified using morphological and physiological characterization (Kurtzman et al. [@CR4]). However, these methods are still widely used in many parts of the world, where sequencing or spectroscopic facilities are not readily available.

Physiological properties of yeasts can also be used for targeted isolation of particular taxonomic groups. Chemically defined cultivation media that contain either selective growth inhibitors or selected carbon and/or nitrogen sources can be used for targeted isolation of certain taxonomic groups of yeasts. For example, chemically defined growth medium containing methanol as the sole carbon source is commonly used to isolate species of methylotrophic yeasts (van Dijken and Harder [@CR13]). A third use of physiological properties of yeasts is the enumeration of viable yeast cells in mixed cultures using colony counting assays, which requires the use of selective media to distinguish individual yeast strains and species from each other.

The anionic azo dye Congo red (disodium benzidinediazo-bis-1-napthylamine-4-sulfonate) was originally developed for the textile industry (Steensma [@CR12]) and is used routinely to stain chitin in microscopy preparations of fungi. Exposure of living cells of the baker's yeast *Saccharomyces cerevisiae* to Congo red causes retarded growth and cell separation defects (Roncero and Durán [@CR10]; Kopecká and Gabriel [@CR3]). The exact mechanism of growth inhibition is unclear, but one hypothesis is that the binding of Congo red to chitin impairs cell wall rigidity by interfering with the formation of covalent links between chitin chains and β-glucan (Ram and Klis [@CR9]).

A survey of the published literature failed to return any previous studies on relative Congo red tolerance among different taxonomic groups of ascomycete yeast. The current study, therefore, set out to investigate the diversity of Congo red tolerance among ascomycete yeasts to determine whether it could serve as a useful selection agent for yeast isolation, classification, and/or enumeration.

Materials and methods {#Sec2}
=====================

Yeast strains, cultivation media, and reagents {#Sec3}
----------------------------------------------

The yeast strains used in this study are listed in Fig. [1](#Fig1){ref-type="fig"}. *Schizosaccharomyces pombe* strain Leu972 was a kind gift from Dr. Pernilla Bjerling (Uppsala University, Sweden). All other strains were purchased from Centraalbureau voor Schimmelcultures (Utrecht, The Netherlands). Strains were maintained on YM agar (3 g/l yeast extract, 3 g/l malt extract, 5 g/l peptone, 10 g/l glucose, and 20 g/l agar) supplemented with 15 mg/l chloramphenicol to prevent bacterial contamination. Yeast plates were stored at 4 °C with strains re-streaked on fresh YM agar approximately every 4 weeks. A stock solution of Congo red (Merck) was prepared in water to a final concentration of 10 g/l and sterilized by filtration. Congo red stock solutions were stored short-term at room temperature in the dark. YM agar plates containing Congo red were stored at 4 °C in the dark and were typically used within 1 week of preparation.

Fig. 1Congo red agar plate growth assay. Family assignments were based on the NCBI Taxonomy browser (<https://www.ncbi.nlm.nih.gov/taxonomy>) and a recent genome-scale phylogenetic analysis of budding yeasts (Shen et al. [@CR11])

Congo red tolerance assays {#Sec4}
--------------------------

Yeast strains were pre-cultured overnight in 3 ml YM broth (3 g/l yeast extract, 3 g/l malt extract, 5 g/l peptone, and 10 g/l glucose) supplemented with 15 mg/l chloramphenicol. The following day each pre-culture was diluted to optical density 0.1 at 600 nm in fresh YM broth. 2 µl diluted cell suspension of each strain was spotted on YM agar with the indicated concentration of Congo red. Plates were incubated for 3 days in the dark and then photographed. YM agar plates containing *Babjeviella inositovora, Debaryomyces hansenii, Hanseniaspora valbyensis*, and *Metschnikowia bicuspidata* were incubated at 25 °C. All other strains were incubated at 30 °C.

Results and discussion {#Sec5}
======================

To the best of the author's knowledge, no extensive study of sensitivity or tolerance to Congo red among ascomycete yeasts has been carried out to date. The lack of published data on Congo red growth phenotypes among yeasts as well as a rudimentary understanding of possible genetic factors underlying these phenotypes made prediction difficult. The fission yeast *S. pombe* has previously been reported to be resistant to the chitin-binding dye Calcofluor white (Roncero and Durán [@CR10]), which is likely due to the absence of chitin in the cell walls of this yeast (van der Klei et al. [@CR14]). It was, therefore, expected that *S. pombe* would display resistance to Congo red as well.

The usefulness of Congo red as a selection agent for the purposes of isolation, classification, and enumeration would depend on the frequency of Congo red resistance (defined here as moderate-to-strong growth at Congo red concentration at or above 100 mg/l) among yeasts. Three possible scenarios were considered. A scenario where Congo red resistance would be rare (\< 20% of strains tested) would be suitable for targeted isolation and enumeration of the resistant lineages but less useful for classification purposes. A second scenario with an intermediate frequency of Congo red resistance (20--80% of strains tested) would be useful for classification and enumeration but would have to be combined with other selective determinants (e.g., carbon or nitrogen source) for targeted isolations. A third scenario where resistance to Congo red is found in the majority (\> 80%) of tested strains would limit the usefulness of this trait for the purposes of isolation, classification, and enumeration altogether.

As the physiological determinants of Congo red growth phenotypes in yeast are poorly understood, another goal of the current study was to investigate whether growth phenotypes would be consistent within higher taxonomic ranks such as genera or families. If Congo red growth phenotypes are predominantly determined by fundamental properties of the cell wall (such as the lack of chitin in the cell wall of the genus *Schizosaccharomyces*), growth phenotypes are expected to be consistent throughout taxonomic ranks such as genera or families. Conversely, if Congo red growth phenotypes are predominantly determined by randomly occurring alleles, greater variation would be expected within taxonomic ranks.

Thirty-nine strains representing 33 species of budding yeasts (sub-phylum Saccharomycotina) and two species of fission yeasts (sub-phylum Taphrinomycotina) were selected for the study. In the case of budding yeasts, an effort was made to select representative species spanning the entire sub-phylum (Hittinger et al. [@CR2]). Four species of budding yeasts (*Cyberlindnera jadinii, Millerozyma farinosa, S. cerevisiae*, and *Scheffersomyces stipitis*) were represented by two strains each to investigate whether intra-species variation in Congo red growth phenotype occurs. Similarly the genera *Kluyveromyces* and *Lachancea* were represented by two species each to investigate intra-genus variation in Congo red growth phenotypes.

Following a 3-day incubation on agar medium with different concentrations of Congo red, the strains were classified as either hypersensitive (weak or no growth at 10 mg/l Congo red), moderately sensitive (weak or no growth at 50 mg/l), moderately tolerant (weak or no growth at 100 mg/l), resistant (weak or no growth at 200 mg/l), or hyper-resistant (robust growth at 200 mg/l). Six strains were classified as hypersensitive, five strains were moderately sensitive, three were moderately tolerant, five strains were resistant, and 20 strains were hyper-resistant (Fig. [1](#Fig1){ref-type="fig"}). As predicted, *S. pombe* displayed hyper-resistance to Congo red.

The four pairs of species represented by duplicate strains displayed notably different Congo red growth phenotypes. In the case of *C. jadinii* and *S. stipitis*, Congo red hyper-resistance was observed in both pairs of strains while the strains of *M. farinosa* and *S. cerevisiae* displayed significant intra-species difference in Congo red sensitivity. *M. farinosa* strain CBS 185 displayed Congo red resistance while strain CBS 7064 appeared hypersensitive. *M. farinosa* CBS 7064 is a recently formed interspecies hybrid (Louis et al. [@CR5]) that has been shown to be phylogetically distinct from the CBS 185 strain within the *M. farinosa* species complex (Mallet et al. [@CR6]). Future characterization of additional *M. farinosa* strains in combination with genome sequencing may shed light on the underlying physiological properties that determine Congo red sensitivity in this species. In the case of *S. cerevisiae*, strains CBS 8803 (syn. S288C) and CBS 8340 (syn. CEN.PK113-7D) are both considered domesticated and may, therefore, not reflect the Congo red growth phenotypes that would be found in wild isolates. Nevertheless, the availability of genomic sequences for both strains would enable studies of genetic determinants underlying the difference in Congo red growth phenotypes between these strains. The genomes of strains CBS 8803 and CBS 8340 have been shown to differ by 21,889 single-nucleotide variations of which 13,235 were mapped to coding regions (Nijkamp et al. [@CR7]).

The two genera represented by more than one species displayed fairly consistent Congo red growth phenotypes. Both species of *Lachancea* displayed equal sensitivity to Congo red (no detectable growth at ≥ 50 mg/l). Of the two species of *Kluyveromyces* included in the present study, *Kluyveromyces marxianus* displayed hyper-resistance to Congo red while *Kluyveromyces lactis* was unable to grow at 200 mg/l. In cases where there was more than a one species representing a family, Congo red growth phenotypes were fairly consistent in some cases (Debaryomycetaceae, Phaffomycetaceae, Pichiaceae, and Trichomonascaceae) while displaying great variation in others (Dipodascaceae, Saccharomycetaceae, and Trigonopsidaceae).

It is clear that the variability of Congo red growth phenotypes within taxonomic ranks such as families, genera, and species needs to be investigated further. The notable variation in Congo red growth phenotypes among ascomycete yeasts may reflect fundamental cell wall properties within different taxonomic groups, many of which have yet to be studied in depth. Another question is what the role individual alleles play in determining Congo red tolerance and sensitivity in ascomycete yeasts. Sensitivity to Congo red has previously been associated with an impaired cell wall stress response in yeast (García et al. [@CR1]; Ram and Klis [@CR9]). However, several of the Congo red sensitive strains used in this study are wild isolates and as such are expected to have been under active selection in environments shared with microorganisms that produce antagonistic secondary metabolites targeting fungal cell wall synthesis and function. It would, therefore, be informative to study whether Congo red growth phenotypes correlate with those of cell wall synthesis inhibitors such as nikkomycin or echinocandins.

In conclusion, the present study has demonstrated a clear diversity in Congo red growth phenotypes among ascomycete yeasts. Although Congo red tolerance (growth at concentrations ≥ 100 mg/l) is too common to be useful for targeted isolation, there appears to be sufficient variation among taxonomic groups to motivate the use of Congo red for the purposes of classification and enumeration of ascomycete yeasts.
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